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Abstract: Firefighters are exposed to high risk scenarios in which the prevention of 
extreme heat injuries is largely dependent on the effectiveness of their protective clothing. 
The following meta-study examines contemporary literature to determine the usefulness of 
phase change materials (PCM’s) in improving the effectiveness of the current firefighter 
protective clothing (FFPC) model in order to better protect firefighters. The time-
temperature for multiple PCM’s in environments with low, medium and high heat fluxes 
(taken as 2.5-5 kW/m2 for 700 seconds, 10-15 kW/m2 for 300 seconds and 20-40 kW/m2 
for 30 seconds respectively) were compared in terms of the rate of temperature increase 
and final temperature. The study found that PCM I produced the best temperature reduction 
in a low flux, PCM K did so in a medium flux, and PCM B did so in a high flux. The study 
also found that overall the PCMs were most effective in a low flux, therefore further study 
should be directed towards creating PCMs that are more effective in high-flux 
environments. 
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Glossary 
Latent Heat Heat released or absorbed by a body during a constant temperature phase change 
Sensible Heat Heat released or absorbed by a body resulting in a temperature change 
FFPC Fire Fighter Protective Clothing – Protective apparatus worn by firefighters 
during emergency operations 
PCM Phase Change Material - Material engineered to absorb or release large amounts 
of energy upon phase change 
Heat Flux Flow of heat energy per unit area per unit time 
 
1. Introduction 
1.1 Firefighter Protective Clothing  
Classified by Gupta [1] as environmental hazard protective functional clothing, FFPC or turnout gear 
typically consists of 3 layers; the thermal liner, the moisture barrier and the outer shell. The thermal 
liner is closest to the skin and is a blend of facecloth and batting [2]. See Figure 1. It is responsible for 
keeping the firefighter from overheating, and typically consists of multiple layers of woven cloth with 
the batting sewed onto it [3]. The moisture barrier functions as protection against liquid hazards such 
as fuel while also allowing moisture to move away from the wearer and is often made from an 
engineered membrane laminated to a substrate [3]. Firefighter protective clothing must fulfil two main 
roles: physical protection and thermal protection. The physical aspect of FFPC is relevant to hazards 
such as debris, chemical spills and other sources of mechanical damage. Thermal protection refers to 
reducing negative effects of prolonged exposure to high temperature environments and is the more 
important factor in terms of preventing heat-related injuries [4].  Between 2011-2015 there was an 
Figure 1. FFPC structure, including thermocouple positions for measuring temperature 
[2]. 
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average of 70,000 global fire-related injuries and deaths, according to the International Association of 
Fire and Rescue Services (CTIF) [5], which improvements to the FFPC model will help reduce. 
1.2 Current Research 
Current research into the application of phase change materials in the FFPC system is still in the initial 
stages and seeks to determine the effectiveness of the material’s inclusion compared to traditional 
firefighter protective suits. The experimental methods and categories of data collected by PCM 
researchers are not standardized, so comparison and extrapolation of future directions is not a simple 
task, and this meta-study aims to in part to rectify this by comparing a simple yet important 
relationship: temperature as a function of time. A large portion of the data used in this meta study has 
been produced by numerical models, see Figure 2, for a representative example of the regions through 
which heat transfer is numerically modelled by the finite difference approximation method. [6][7] 
Figure 2. Diagram of the FFPC regions modelled with the finite difference approximation 
method. The specific method is the Crank-Nicolson method used to numerically 
approximate the governing second order partial differential heat transfer equation [6]. 
Figure adapted from [6].  
1.3 Phase Change Materials 
The term phase change refers to the transition of matter state for a substance and a material is referred 
to as a PCM when it either naturally possesses, or is designed to have, a high latent heat [8]. The phase 
change referred to throughout this study is from solid to liquid. During a phase change, energy is used 
purely for transition, meaning there is a period of time where no temperature change occurs [9]. When 
applied to the FFPC this buffer period of constant temperature has the benefit of both decreasing the 
rate of body temperature rise and potentially increasing the amount of time an operator can remain in 
the aforementioned environments [10]. 
 
In order for PCMs to be viably implemented, the specific phase change explored in this meta-study is 
the solid-to-liquid transition for several reasons. The first is that for conventional PCM bases such as 
paraffin and group 1 & 2 metal salts (thermodynamic data has been collated in Appendix A for reader 
convenience), the melting point is closest to the temperatures experienced by firefighters during their 
activities [11][See Appendix A]. The second consideration is spatial in nature, as PCM’s incorporated 
into a FFPC system must be “encapsulated or bound by a thin layer of polymeric or any other material 
so that the phase transition can be accomplished inside a controlled environment” [12]. 
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2. Methodology 
The data collected as part of this study was sourced through the UTS Library database hub, which 
includes journals such as SCOPUS, Springer, Web of Science and ProQuest. Sources were found by 
using combinations of the keywords “phase change material”, “firefighter”, “FFPC”, “thermal” and 
“extreme environment clothing”. To ensure that our sources were relevant, the search was constrained 
to technical publications that were produced in the period 2009-2019. Papers with relevant quantitative 
data were refined to include on those with time temperature profiles for PCM Containing FFPC 
exposed to the three classes of heat flux. Literature with qualitative information on modelling methods 
and classifications/standards was also incorporated into this meta-study. 
Each paper has a unique definition for each of the three classes of fire environments, whilst they all 
fall within the previously mentioned ranges, this has necessitated a method for standardizing the data 
from each publications result. Temperature values for specific times – 5 minutes for low flux, 2.5 
minutes for medium flux and 0.5 minutes for low flux – have been extracted from graphs provided for 
each paper and their associated PCM’s. An online data point extractor “WebPlotDigitiser” which 
allows for the extraction of specific data points from pictures of graphs was used for this collection. 
The final temperature at the end of the PCM’s exposure to each heat flux is then graphed against three 
material parameters – latent heat, specific heat and melting temperature. This enables the identification 
of possible relationships between the aforementioned parameters and their performance in each of the 
heat environments. 
 3. Results and Discussion  
In the low flux environment, the impact of the phase change is typically evident. Starting at 100-200s 
for the majority of samples, the phase change reduces the gradient of the time temperature curve. This 
effect agrees with the assumption that the constant temperature period produced by the PCM will result 
in a lower final temperature. In this case PCM C has the highest final temperature, conversely, PCM I 
has the lowest final temperature, excluding PCM K.  
The time-temperature profiles for PCM’s exposed to a medium heat flux similarly show the signature 
gradient decrease when the phase change begins at 25-50s. In this environment the phase change begins 
in approximately half the time it takes in the low flux environment, however the reduction in slope is 
also less pronounced. PCM K shows the lowest final temperature, less than half of PCM E-A. This 
may be a result of PCM K’s substantially higher latent heat. 
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Figure 3. Time temperature profile for various PCM's. Low Flux (2.5-5 kW/m^2 for 
700s). Data for PCM A-E from [6]; PCM F sourced from [13], data for PCM G-J 
sourced from [14], Data for PCM K sourced from [7]. Note that PCM F has been 
exposed to the heat flux for only 150s. When comparing the temperatures at 150s, PCM 
F is significantly hotter (≈90ºC) than the alternatives. Similarly, the exposure for PCM 
K only lasts for 490s. When comparing PCM’s at this time, PCM K hast the lowest 
temperature (≈35-40ºC). 
Figure 4. Time temperature profile for various PCM's. Medium heat flux (10-15 
kW/m^2 for 300 seconds). Data for PCM A-E from [6]; data for PCM F sourced from 
[13], Data for PCM K sourced from [7]. Note that PCM F has been exposed to the heat 
flux for only half the time as PCM A-E. When comparing the temperatures at 150s, 
PCM F is significantly cooler (≈100ºC) than the alternatives. Note that PCM G-M have 
not been plotted as there is no time temperature profile for the medium flux in the source 
document. 
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The time-temperature profiles in the high flux environment show no apparent effect of the phase 
change, rather the slope begins to increase with time. This corroborates the assumption the PCM’s are 
less effective in high heat fluxes and demonstrates that higher latent heats are required to make an 
impact on the heat transfer behavior of FFPC in this environment.  
 The inversely proportional relationship between the specific heat and final temperature of the PCM’s 
is evident only in the medium heat flux. There appears to be no correlation between the two quantities 
when considered in the low and high flux environments, see Figure 6. This indicates that the only 
contribution of specific heat to the effectiveness of the PCM is the addition of mass increasing the heat 
Figure 5. Time temperature profile for various PCM's. High heat flux (20-40 kW/m^2 
for 30 seconds). Data for PCM A-E from [6]. Note that PCM F-N have not been plotted 
as there is no time temperature profile for the high flux in the source document. 
Figure 6. Comparison of final temperature (ºC) vs specific heat (kJ/kg*K) for various 
PCM's. Data for PCM A-E sourced from [6]; PCM F sourced from [13], PCM G-J 
sourced from [14]. Note that various PCM’s have not been included as there is no given 
latent heat or time temperature profile in the source document. 
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required for a temperature rise. Considering that no trend is obvious in the low and high flux 
environments, more data is required to confidently determine a relationship between the two quantities.  
The relation between final temperature and latent heat is the most evident of the material parameters 
considered within the scope of this study. In both the low and medium flux environments an increase 
in latent heat results in a decrease in the final temperature, see Figure 7 [14]. This corroborates the 
theoretical implication that increasing the amount of energy required to change and thus lengthening 
the period of time without temperature increase will result in a lower final temperature [6]. 
Furthermore, this trend is far more evident than the relationship between specific heat and final 
temperature shown in Figure 6, this is expected as the latent heat required to change phase is far higher 
than the sensible heat resulting in temperature change. The high heat flux case does not feature any 
Figure 8. Final temperature (ºC) vs melting point (ºC) for various PCM's. Note that 
various PCM’s have not been included as there is no given melting point. Data for PCM 
A-E sourced from [6], PCM G-J sourced from [14]. 
Figure 7. Final temperature (ºC) vs latent heat (kJ/kg) for various PCM's. Note that 
various PCM’s have not been included as there is no given specific heat or time 
temperature profile in the source document. Data for PCM A-E sourced from [6], PCM 
G-J sourced from [14]. 
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correlation between two quantities which indicates that the mass of PCM, and therefore heat required 
to change phase, is too small to be effective in the high flux environment. This is further evidenced by 
lack of impact the phase change on the slope of the time-temperature profile shown in Figure 5. 
The trend of final temperature to decrease with an increasing melting point is apparent in both the low 
and medium fluxes, see Figure 8. This does not agree with the conclusion that a lower melting point 
would decrease the time until the phase change begins, and temperature becomes constant, thus 
reducing the final temperature. This may be the result of the difference in specific heat between solid 
and liquid phases of the PCMs. PCM’s with a lower specific heat in the liquid phase would experience 
a faster rate of temperature increase after phase change when compared with PCM’s with higher liquid 
specific heats. As such, a lower melting point and earlier phase change would result in a higher final 
temperature than if the phase change had occurred later in the testing period. Figure 8 cannot be used 
to verify this hypothesis as no data has been included on the liquid specific heats of the PCM’s. 
4. Conclusions  
The trends identified show that melting point and latent heat of the PCM are the primary factors in 
reducing the final temperature of the FFPC apparatus. These quantities are both inversely proportional 
to the final temperature in the low and medium heat fluxes. Specific heat has the smallest impact on 
final temperature, which is a result of only small masses of PCM being tested. In general, the 
effectiveness of the PCM is manifested in the decrease in slope of the time temperature relationship 
and becomes less evident with increasing heat flux. The lack of correlation between any of the material 
parameters and final temperature in the high flux environment, as well as the negligible impact on the 
slope of the time-temperature profile infers that the tested set of PCM’s cannot be effectively judged 
in the high flux environment.  
It is recommended that future studies test PCM’s over a broader range of latent heats and melting 
points to allow for the development of FFPC that is more effective in high heat fluxes. Furthermore, 
future research should explore the possibility of mixing multiple PCMs that are suited for different 
flux levels in order to create more versatile protective materials. 
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Appendix A 
Collated thermodynamic data for the PCMs analysed in this paper. We did not include it in the paper 
as it does not directly influence our results or analysis but appended it as additional information. 
Chemical formulae for several PCMs are missing as they were either not included by the authors or 
are proprietary information. 
Table 1. PCM parameter data. Data for PCM A-E was extracted from [6], PCM F extracted from [7]. 
Asterisks indicate no data was provided in source documents. 
 
PCM ID PCM Materials Melting Temperature 
(°C) 
Latent Heat 
(kJ/kg) 
Specific Heat 
(kJ/K) 
PCM A [6] Information 
Withheld 
33 64 1.5 
PCM B [6] Information 
Withheld 
44 105 1.6 
PCM C [6] Information 
Withheld 
71 70 1.5 
PCM D [6] Information 
Withheld 
77 149 * 
PCM E [6] Information 
Withheld 
91 168 1.8 
PCM F [14] Information 
Withheld 
50 * * 
PCM G [14] 𝐻"𝑂 40 * * 
PCM H [14] 𝐶𝑎𝐶𝑙". 6𝐻"𝑂 85 200 0.8 
PCM I [14] 𝑁𝑎"𝑆𝑂+.10𝐻"𝑂 58 130 1 
PCM J [14] 𝑍𝑛(𝑁𝑂/).6𝐻"𝑂 * 440 1.07 
PCM K [7] 𝐵𝑎(𝑂𝐻)". 6𝐻"𝑂 53 200 2.5 
